SUMMARY Focal areas of accentuated waO stress along the course of canine coronary arteries may be revealed by the level of m SO 4 incorporation into grycosamlnogrycans (GAG). In the anterior descending artery, "SO* incorporation is higher in the proximal than in the distal region and may be extraordinarily high as the vessel enters a proximal]}' located muscle bridge and at the takeoff region of multidirectional branches. In the circumflex artery, the incorporation also is higher in the proximal than in the distal region and is high at the genn where the posterior descending artery forms. There are differences in uptake of K SO< in vessels even when the arteries arise from the same vascular bed. This was shown by the higher incorporation in the left coronary artery than in the right coronary artery. A general anatomical agreement exists between these sites of high "SO< incorporation and previously described locations of Internal elastic disruption and proliferation of intimal connective tissue in the dog.
MORE THAN 100 years ago, Virchow 1 described for man a disrupted internal elastic membrane surrounded by focal proliferation of tissue as an inflammatory process in the artery wall. He believed this process was the earliest lesion of atherosclerosis. Similar morphological changes were found in selected areas along the canine coronary arteries, 2 -3 and from anatomical considerations it was suggested that their locations reflected regions of accentuated wall stress. It was the object of this investigation to test this hypothesis by assessing artery wall stress in canine coronary arteries by biochemical means.
Theoretically, regions of accentuated intramural stress could result from restrictions of motion by branch arteries or muscle bridges. 2 In addition, multidirectional branch arteries could produce focal stretching of the artery wall.
While at present it is not possible to measure directly artery wall stress (or stretch) in vivo, it is possible to assess its metabolic consequences. Hollander et al. 4 found increased glycosaminoglycan (GAG) synthesis in hypertensive regions in the canine aorta, and recently Leung et al. s reported that mechanical stretching stimulates the rate of synthesis of GAG in arterial cells in vitro.
The level of ^SO., incorporated into GAG during a 30-hour period was used as an index of arterial cell metabolism in segments of canine arteries; from this it was learned that values for the left coronary were higher than those for the right coronary or the carotid artery. Along the course of the left coronary, a higher index occurred in the proximal than in the distal region and in regions of predictable anisotropy or accentuated stretch.
Methods
We studied eight wormed male mongrel dogs weighing 30-50 pounds, with stable weights and hemoglobin values. The dogs were housed in standard cages and fed commercial dog chow.
Various amounts of injected M SO 4 were tested, and the dose was standardized to four equal injections at 2-hour intervals during the day before and one at 5 hours, 3 hours, and 1 hour prior to sacrifice, for a total of 4 mCi of M SO 4 (H^SO,, carrier-free, New England Nuclear). With this 30-hour injection regimen, sufficient incorporation of the isotope occurred for analysis of tissue samples weighing only 2-3 mg.
Each dog was killed by an intravenous injection of chloralose, the chest was opened, and the heart removed. A metal probe was passed into the coronary artery and, with the aid of magnifying glasses, the surrounding tissues were dissected away. The artery was removed and placed on a chilled glass surface, and the connective tissue and loose areolar tissue were scTaped from the vessel with a scalpel. The adventitia was removed from the aorta by blunt dissection.
We studied the following samples from each coronary artery: the anterior descending artery, immediately proximal to its terminal bifurcation, at the takeoff of and between the major left ventricular diagonal branches, the proximal portion of the artery, the region of takeoff for septal arteries and segments proximal to, under, and immediately distal to muscle bridges; distal posterior descending, at the genu, distal and proximal to and the takeoff of the medial branch (obtuse margin), the proximal circumflex, at the takeoff of the circumflex artery; regions distal and proximal to the acute margin and from the proximal 1-2 cm of the right coronary artery; and the proximal 1-2 cm of the left carotid artery.
Fresh tissue samples weighing 2-43 mg (coronary) and 24-143 mg (carotid) were homogenized at 4°C in 2 ml of 0.15 M NaCl in a motor-driven, glass-glass Ten Broeck tissue grinder and the homogenate was adjusted to contain 10% trichloroacetic acid (TCA) by addition of cold 15% TCA. The homogenate was centrifuged (900 g) and the pellet was washed with cold 10% TCA until no radioactivity was found in the final wash (usually three times).
Protein-bound sulfate and collagen were extracted from the pellet by four 15-minute extractions at 90°C with 0.3 M TCA, a procedure that removed 95% of collagen 8 and 90% of the proteoglycan ^SO^, as judged by the radioactivity remaining in the residue after the four extractions.
A sample of the TCA extract was dried in a steam bath and hydrolyzed (6 N HC1, at 110°C for 16 hours) for hydroxyproline (Hyp) determination, 7 the Hyp serving as a biochemical marker for collagen. 8 A second sample was analyzed for radioactivity in the Packard Tri-Carb liquid scintillation spectrometer with automatic external standard, using a solvent system of Triton X-100 and toluene (1:2, by volume) containing 5.5 g of 2,5-diphenyloxazole and 0.1 g of l,4-bis-2-(4-methyl-5-phenyloxazolyl)benzene per liter. The counts per minute were corrected for background and efficiency of the instrument and for radioactive decay and expressed as disintegrations per minute (dpm).
Comparison was made between the use of TCA-extracted radioactivity and of the radioactivity in isolated and partially purified GAG as an index of GAG metabolism. Aorta, carotid, left anterior descending, and circumflex arteries from three additional dogs given sodium acetate-2-H 3 (685 mCi/mmol, New England Nuclear) and M SO 4 (carrier-free, New England Nuclear) 24 and 18 hours before they were killed (2.5 mCi of each compound) were divided into two portions. The GAG was isolated from a papain digest of one portion of the tissue while the proteoglycan was extracted by hot TCA from the other.
In isolating GAG, standard procedures were used to defat and dehydrate the tissue. The tissue then was incubated at 60 c C for 24 hours with papain (PAP, Worthington Biochemical) in 0.1 M acetate buffer containing 0.005 M cysteine HC1 and 0.005 M disodium edetate (disodium Versenate), pH 5.5, using a substrate-enzyme ratio of 156:1 (wt/wt). After incubation the mixture was chilled, made 10% TCA by addition of 100% TCA, and centrifuged after standing at 4°C for at least 30 minutes. The small precipitate was washed with cold 10% TCA and discarded. Carrier chondroitin sulfate (2 mg) ("C" sodium salt, Calbiochem) was added to the combined supernatant fluid and wash and the GAG was precipitated with 3 vol cold 5% potassium acetate in absolute ethanol (wt/vol). After 24 hours at 4°C, the precipitated GAG was collected by centrifugation. The GAG was dissolved in 1 ml of cold water and reprecipitated by addition of 3 ml of the cold potassium acetate-alcohol solution. After 24 hours at 4°C, the reprecipitated GAG was washed three times with cold absolute ethanol and then air-dried at room temperature. The recovery value for eight 2-mg samples of chondroitin sulfate C carried through the entire isolation procedure was 84% based upon the uronic acid determinations 9 made on the carrier solution and the precipitated standard samples.
A sample of the TCA-extracted material and 1 ml of a 2.5-ml water solution of the GAG precipitate were each placed in the Triton-toluene scintillation solution for determination of radioactivity. The Tri-Carb liquid scintillation spectrometer was set for dual-label counting, and disintegrations per minute were calculated using computer-generated equations developed with the automatic external standard system of the instrument.
Results
The usual anatomical arrangement in which the left coronary artery is dominant was present in all of the canine hearts. 10 With this arrangement, the circumflex artery provides the major posterior descending artery.
A parallelism between the amount of 3S SO 4 in the hot TCA extract and in the isolated GAG from paired tissue samples was seen, indicating that the radioactivity extracted in hot TCA provides a measure of the incorporation of sulfate into GAG. The radioactivity in the TCAextractable material was approximately 16% greater than the radioactivity in the isolated GAG, a difference that probably results from a loss of GAG in the isolation procedure since the recovery of precipitated chondroitin sulfate standards was 84%.
Support for the use of protein-bound 35 SO 4 as an index of GAG metabolism was obtained from dual-labeling experiments. 'H-acetate, a precursor for the carbohydrate moiety of GAG, was injected with "SO,,, and the radioactivity of the two labels in the isolated GAG was determined. There was constant value for M SO 4 / 3 H in the GAG isolated from eight tissues from each of three dogs (2.5 ± 0.2, 2.2 ± 0.2, and 2.8 ± 0.6).
The uptake of ^SO, into hot TCA-extractable material indicated a significantly higher metabolism of GAG in the proximal regions of coronary arteries than in the carotid artery (+30%), while the uptake for the proximal portion of the right coronary was equivalent to that of the carotid artery (Table 1) . There was no difference between the two major divisions of the left coronary artery, the anterior descending and circumflex arteries.
Expression of the M SO 4 uptake on the basis of tissue collagen (Hyp) revealed a higher M SO 4 /Hyp value in the proximal than in the distal region of the left coronary artery (approximately +35%) ( Table 2 ). Even the midportion of the anterior descending branch of the left coronary artery had a higher ratio than the distal portion of the vessel (+22%). Along the right coronary artery, the ratio was higher in the proximal region than in the midregion.
To study the effect of branching and of acute angulations in the two major divisions of the left coronary on the 
1.22* ± 0.14 (9) 1.06 ± 0.14 (14) 1.00
™SO«/Hyp in tissues from the proximal and midregions of the coronary arteries of seven dogs normalized in each dog to the level in the distal region (1.00). Tissues are from seven dogs, with results expressed as mean ±SD and number of samples in parentheses.
* Greater than distal, P < 0.02. t Greater than mid, P < 0.05.
"SO,/Hyp value, ratios for samples obtained along the course of the artery were normalized to the mean value of the left carotid artery tissue samples for the same dog. The results for three dogs (Table 3) show the highest ratios at the takeoff of the ventricular branches from the anterior descending artery and from the proximal circumflex artery. At the genu of the circumflex arteries in two dogs (nos. 1495 and 1559), the ratios were higher than in the adjacent areas. Anatomical features of the anterior descending artery that appear to contribute to focal elevations of "SO, incorporation are muscle-bridging over the proximal segment of the vessel and numerous branch arteries. These features are illustrated in Figure 1 . Both arteries a and b had muscle bridges, but the bridge over artery a extended from the takeoff of the first and over the second left anterior ventricular branch (first and second diagonal branches), while the bridge over artery b was distal to the second left anterior ventricular branch. For artery a "SO, incorporation was 125 dpm/mg of tissue ("SO,/Hyp of 8.34) immediately proximal to the bridge, a value that was 3 times greater than in the distal segment of the vessel (43 The indices were normalized to the left carotid artery (1.00).
FIGURE 1 The effect of muscle bridging (a, b) and of multiple branching (c) on the a SO 4 uptake in the canine anterior descending artery.
dpm/mg and "SO,/Hyp of 3.90). Incorporation of "SO, in artery b may not have been affected by the more distally located muscle bridge. Artery c, an anatomically unique feature of numerous left and right anterior ventricular branches, showed high "SO, incorporation along the entire course of the vessel. This artery was the only coronary artery with a greater "SO,/Hyp value in the distal than in the proximal segment.
Discussion
This biochemical technique for measuring GAG metabolism may provide a useful means of assessing artery wall stress in vivo. The results suggest a greater artery wall stress in the left than in the right coronary artery and a variation in stress along the course of the anterior descending and the circumflex division of the left coronary artery. The technique allows identification of focal regions of high wall stress, information that may be the key to an understanding of the anatomical determinants of morphological changes in these vessels. 2 -" That the measurement of "SO, extracted from tissue by hot TCA reflects the level of "SO,-labeled GAG was supported by studies on paired artery wall samples in which there was a constant relationship between the amount of "SO, in the TCA extract and in isolated GAG fractions. Furthermore, the uniform ratio of the incorporation of 3 H-acetate into the polysaccharide moiety of isolated GAG to the uptake of "SO, into the GAG lend support to the interpretation that the uptake of "SO, reflects the level of "SO, GAG in the tissue.
It seems unlikely that differences in "SO, incorporation were due to variations in the size of intracellular precursor pools. The long labeling period (more than 24 hours) and the large amount of label injected should have permitted equilibration of the label with the pool of precursor sulfate. The observed differences in "SO, uptake (the net balance between synthesis and degradation) therefore would be expected to reflect variations in the level of GAG metabolism.
Information on artery wall cell types involved in GAG synthesis comes from studies of Crane 11 and Wight and Ross. 13 Crane used histochemical and autoradiographic techniques and found that smooth muscle cells and fibroblasts of arteries and arterioles incorporated "SO, in WALL STRESS IN CANINE CORONARY ARTERIES/BouceA: et al. 831 chemically induced hypertension in rats. Wight and Ross cultivated arterial smooth muscle cells and found that these cells synthesized GAG. Leung et al. 5 cultured cells from explants of the smooth muscle media of adult rabbit thoracic aorta grown on a purified bovine elastin membrane. The membrane with the media-derived cells was cyclically stretched and relaxed mechanically for 2 days and then exposed to radioactive precursor of GAG 8 hours before harvest of the cells. Cyclic stretching caused a 3-fold stimulation of 3 H-acetate incorporation into hyaluronate and chondroitin 6-sulfate but no significant increase in incorporation into chondroitin 4-sulfate or dermatan sulfate when compared to cells that were kept stationary.
Our findings of a greater GAG formation in the left than in the right coronary artery suggest a greater mechanical stretch of the artery wall of the left coronary than of the right coronary. Difference in size of the two coronaries or in the number of cells in the two would not explain the higher "SO*/Hyp values. The difference in "SO* uptake may be related to the structure and function of the two coronary arteries. Both the ratio of artery radius to wall thickness and the intraluminal pressures in the left are higher than in the right coronary artery. A greater GAG formation in the proximal than in the distal portion of the divisions of the left coronary artery may be due to structural differences. Anatomically, the adventitia and the internal elastic lamina are arranged as parallel sheets of collagen and elastin fibers oriented axially. 1 Longitudinal tethering may be more pronounced in the proximal than in the distal segments of the major divisions of the left coronary artery because of the cephalically directed movement of the aorta and the left lateral systolic movement of left ventricular contraction. 15 Regional tethering would reduce wall compliance and accentuate the oscillating intramural stress associated with the pressure-volume wall deformations in regions proximal and distal to the tethered area.
The findings of high and low regions of "SO* incorporation along the anterior descending artery suggest variations in wall stretch (or stress). The anterior descending artery may undergo longitudinal stretching during both phases of the cardiac cycle. 16 Additionally, multidirectional branches from the midportion of the artery fix the vessel to the underlying ventricular muscle and produce an unusual degree of tortuosity when compared to the other coronary arteries.
15
Another unique anatomical feature of the anterior descending artery that could contribute to focal areas of accentuated wall stretch is the presence of muscle bridges surrounding long segments of the vessel. 16 Muscle bridging located over the proximal portion is associated with a thickening of the intima of the artery wall proximal to the bridge 16 and as seen in artery a (Fig. 1) , there is an extraordinarily high "SO* incorporation proximal to the bridge.
In the circumflex artery, the highest "SO* incorporation occurs proximal to the takeoff to the obtuse margin region and at the genu. From the proximal region, large branch arteries supplying the anterolateral and lateral portions of the left ventricle are positioned oppositely to branches passing to the left atrium. As in the anterior descending artery, these multidirectional branches would produce a local anisotropy of the artery wall. At the genu, the artery makes almost a 90° turn as it passes from the atrioventricular groove to the posterior interventricular sulcus. In this region, the artery gives off the atrioventricular nodal artery and an intercommunicating branch artery that would exert multidirectional tension on the wall of the circumflex artery.
The right coronary artery is anatomically and functionally different from the left.
2 -" There is a redundancy in the proximal region of the right to accommodate the rightto-left rotation of the aorta and the oppositely directed movement of the acute margin of the heart. 15 Structurally, the right coronary resembles a resistance vessel with a sphincter muscle at the origin and a relatively small lumen to wall thickness ratio. 11 The range of vasomotion appears greater in the right than in the left coronary artery, 1 and the intraluminal pressures are lower in the right than in the left coronary artery.
14 The findings of a lower M SO 4 incorporation in the right than in the left support the idea of lesser wall stretch in the right than in the left coronary artery.
The results obtained by using "SO* incorporation into GAG as an index of artery wall stress (or stretch) suggest a heterogeneity of physical forces along the course of the coronary arteries, and the regions with high rates of "SO* incorporation are, in general, similar to areas where duplication of internal elastic lamina and intimal hyperplasia of connective tissue occur. 2 These findings provide strong support for the conclusion that certain anatomical arrangements causing anisotropism in the artery wall accentuate wall stress (or stretch) and ultimately lead to morphological changes of the artery wall itself. THE SEARCH for an "index of cardiac contractility," that is to say, a quantity sensitive to a change in myocardial inotropism but not to a change in myocardial loading, has yielded a variety of parameters and derived indices that are affected by inotropic interventions. Unfortunately, each of these parameters has been found to be dependent either on muscle length or systolic loading.
Evaluation of the
extrasystolic potentiation) has been found to satisfy the criteria for such an index of contractility in isolated right ventricular papillary muscles. The relationship was independent of muscle length yet sensitive to the effects of inotropic interventions. 8 Many investigators have observed frequency-dependent changes in myocardial function. However, it currently is controversial as to whether the force-frequency properties of isolated, nonperfused myocardium are similar in magnitude to those of the heart in the intact animal. Kavaler et al." found that although large, steady state, frequencydependent changes in contractile force occurred in isolated myocardium, such changes were essentially absent in papillary muscle experiments in situ. The results of these studies in vivo, however, could have been influenced by the effects of general anesthesia and cardiopulmonary bypass. Higgins et al. 10 observed significant alterations in left ventricular performance after a change in heart rate in anesthetized dogs, but found, as did Noble et al.," that
